Commissural axons must cross the midline to establish reciprocal connections between the two sides of the body. This process is highly conserved between invertebrates and vertebrates and depends on guidance cues and their receptors to instruct axon trajectories. The DCC family receptor Frazzled (Fra) signals chemoattraction and promotes midline crossing in response to its ligand Netrin. However, in Netrin or fra mutants, the loss of crossing is incomplete, suggesting the existence of additional pathways. Here, we identify Brain Tumor (Brat), a tripartite motif protein, as a new regulator of midline crossing in the Drosophila CNS. Genetic analysis indicates that Brat acts independently of the Netrin/Fra pathway. In addition, we show that through its B-Box domains, Brat acts cell autonomously to regulate the expression and localization of Adenomatous polyposis coli-2 (Apc2), a key component of the Wnt canonical signaling pathway, to promote axon growth across the midline. Genetic evidence indicates that the role of Brat and Apc2 to promote axon growth across the midline is independent of Wnt and Beta-catenin-mediated transcriptional regulation. Instead, we propose that Brat promotes midline crossing through directing the localization or stability of Apc2 at the plus ends of microtubules in navigating commissural axons. These findings define a new mechanism in the coordination of axon growth and guidance at the midline.
Author summary
The establishment of neuronal connections that cross the midline of the animal is essential to generate neural circuits that coordinate the left and right sides of the body. Axons that cross the midline to form these connections are called commissural axons and the molecules and mechanisms that control midline axon crossing are remarkably conserved across animal evolution. In this study we have used a genetic screen in the fruit fly in an attempt to uncover additional players in this key developmental process, and have identified a novel role for the Brain Tumor (Brat) protein in promoting commissural axon growth across the midline. Unlike its previous described functions, in the context of midline axon guidance Brat cooperates with the microtubule stabilizing protein Apc2 to coordinate axon growth and guidance. Molecular and genetic analyses point to the conserved a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
Introduction
Organisms with bilateral symmetry coordinate the left and right sides of their body by establishing reciprocal connections in the central nervous system. During development, commissural axons navigate across the midline to form contralateral connections by responding to attractant and repellant cues expressed at the midline and in other cells [1] . To alter growth cone motility, guidance receptors must signal to the underlying growth cone cytoskeleton [2] . Midline and ventricular zone-derived Netrin and its receptor DCC (Deleted in Colorectal Carcinoma) or Fra (Frazzled) in Drosophila, are a highly conserved chemoattractive guidance pathway [3] [4] [5] . Loss of DCC leads to profound commissural axon guidance defects, as well as developmental and movement disorders [6] [7] [8] [9] [10] . Despite the clear importance of Netrin signaling in promoting axon growth across the midline, many axons still cross the midline in netrinAB double mutants or fra mutants in Drosophila. This indicates that additional pathways must promote midline crossing [11, 12] . Indeed, several additional factors implicated in promoting midline axon attraction have been identified in invertebrate and vertebrate systems, such as Shh/Boc [13] , Sema2a/Sema1a [14] , and VEGF/Flk1 [15] . In addition, many other mechanisms have been described that promote axon growth across the midline by preventing premature responses to repulsive molecules secreted from the midline, such as Slits and Semaphorins [16] [17] [18] [19] [20] . Despite this progress, it is clear from genetic analysis that additional pathways are likely to be required to ensure the precise regulation of midline circuit formation.
To identify additional pathways implicated in the midline crossing process, we performed a genetic screen using a sensitized genetic background. In this background a dominant negative Fra receptor (FraΔC-missing its entire cytoplasmic domain) is expressed in a subset of commissural neurons in the Drosophila embryo resulting in an easily quantifiable defect in midline crossing [21] . From this screen, we identified Brain Tumor (Brat), as a new regulator of midline crossing. Brat belongs to the tripartite motif (TRIM)-NHL family of proteins and is conserved throughout evolution from C. elegans to humans. Brat contains two B-box domains (BB), a Coiled-coil domain (CC) in the N-terminus, and a NHL domain in the C-terminus [22] . Identified first as a translational repressor [23] , Brat has been shown to play important roles in various biological processes, such as in the regulation of microRNA activity during development [24, 25] , and in the control of the proliferation and differentiation of specific neural precursor lineages during early neural development [26] . Moreover, previous studies showed that each domain executes distinct and specific functions. The NHL domain is essential to suppress the translation of hunchback mRNA in the posterior part of the embryo during early development [27] , and for the maintenance of mushroom body axon connections [28] . In addition, it has recently been shown that during neurogenesis Brat regulates asymmetric protein segregation through the CC domain and specifies intermediate neural progenitor (INP) identity via its B-box domains [29] . This process involves Apc2, a key component of the destruction complex in the canonical Wnt signaling pathway [30] . The destruction complex attenuates the transcriptional activity of armadillo/βcatenin to prevent the activation of Wnt target genes, and thereby promotes the self-renewal of intermediate progenitors.
Interestingly, in addition to its role in the destruction complex, Apc2 is a microtubule plusend binding protein (+TIP) [31, 32] . In Drosophila sensory neuron dendrites, Apc2 interacts with EB1 (for End Binding) to control microtubule polarity [31] . In growth cones, APC, the vertebrate homologue of Drosophila Apc2 [33] , regulates axonal projections and changes in axon behavior by regulating microtubule stability and growth directionality [34, 35] . In this context, tethered to the microtubule plus-ends, APC allows active axon elongation by linking microtubules to the leading edge of the growth cone.
In this study, we report that Brain Tumor maintains Apc2 at the plus-ends of microtubules to promote axon elongation and midline crossing. Brat acts independently of the Fra/Netrin pathway and independently of its common partners Pumilio, Nanos and d4EHP, which are required for the inhibition of mRNA translation. In addition, we show that this process requires the B-Box domains of Brain Tumor. Reducing the function of Apc2 in brat mutants, results in enhanced commissural guidance defects in the FraΔC sensitized background. Moreover, Apc2 expression and localization are altered in brat mutant embryos suggesting that Brat function in this context is critically dependent on Apc2. These data suggest a model where Brat promotes the elongation of the axon before crossing by maintaining Apc2 at the microtubule plus-ends.
Results

A genetic screen identifies a role for Brain Tumor in promoting midline crossing
In order to identify new molecules and factors implicated in midline crossing, we performed a genetic modifier screen using a truncated Fra receptor (FraΔC) missing its cytoplasmic domain that functions as a dominant negative [11] . By targeting the expression of the FraΔC transgene to a small subset of commissural neurons, the eagle neurons, we are able to generate a highly sensitized background. The eagle neuron population is comprised of two pools of neurons, the EWs and the EGs, which are found in each hemisegment. Around ten EG neurons project their axons through the anterior commissure, while only three EW neuron axons project through the posterior commissure [36] (Fig 1A and 1G) . In fra mutants, EW axons fail to cross the midline in 36% of embryonic segments, while the axons of EG neurons are unaffected [11] (Fig 1B and 1G) . A similar phenotype is observed in stage 16 wild type embryos expressing FraΔC specifically in eagle neurons (Fig 1C and 1G) .
We started by screening large deficiencies covering a majority of the second chromosome and identified dominant enhancers of the FraΔC crossing defects (S1 Fig). One deficiency, Df (2L)Exel8040, significantly enhances the FraΔC phenotype resulting in 44% crossing defects ( Fig 1G) . After testing the different candidate genes present in this interval, we identified the enhancer as Brain Tumor (Brat). A null allele, brat 11 , fully recapitulates the enhanced EW defects observed in the deficiency. (Fig 1D and 1G) . Moreover, when both copies of brat are removed in the FraΔC screening background, EW crossing defects are strongly enhanced to 69% (Fig 1E and 1G) . Importantly, this mutant phenotype can be rescued when full-length Brat (UAS-Brat) is expressed selectively in eagle neurons (Fig 1F and 1G) , suggesting that Brat functions in commissural axons to promote midline crossing. To determine whether the crossing defects are a consequence of a failure of axon growth or a failure to turn toward the midline, we carefully examined the trajectory of EW axons in these embryos and observed several qualitatively distinct phenotypes (Fig 1H) . In addition to crossing the midline normally, EW axons can either continue to grow ipsilaterally and fail to turn, or they can stall before or during midline crossing. For example, when UAS-FraΔC is expressed, EW axons cross in 72% of embryonic segments (Fig 1O and 1I) , continue to grow ipsilaterally in 22% of segments ( Fig  1O and 1K ) and stall in only 6% of segments (Fig 1O and 1M ). In the FraΔC background, heterozygosity for brat enhances the EW crossing defects, decreasing the proportion EW crossing axons to 47% (Fig 1O and 1J ) and increasing the proportion of stalled axons to 30% (Fig 1O  and 1N) . However, the proportion of the ipsilaterally growing axons remains the same (22%) (Fig 1O and 1L) , suggesting that the increase of the crossing defects is due to more stalled axons when one copy of brat is removed. The distribution of the EW axon trajectories can be rescued when full-length Brat (UAS-Brat) is expressed selectively in eagle neurons (Fig 1O) , restoring the proportion observed in the FraΔC background. These results strongly suggest a cell autonomous role for brat in promoting midline crossing and axon growth.
Brat promotes midline crossing independently of the Fra-Netrin pathway
Previously, we showed that Brat enhances the EW axon crossing defects induced by FraΔC.
Since brat mRNA is expressed and functions in commissural neurons during axon growth and midline crossing, it is a good candidate to interact with Fra in this process (Fig 1 and S1 Fig) .
To test if Brat functions together with or independently of the Netrin-Fra pathway, we examined genetic interactions between brat and fra mutants. We scored EW axon crossing defects, as well as the pattern of the entire axon scaffold stained with anti-horse radish peroxidase (HRP) antibody, in fra mutants, brat mutants and brat, fra double mutants. In wild type embryos, HRP staining reveals that thick anterior and posterior commissures form in each segment and GFP staining reveals that EW and EG axons cross the midline (Fig 2A and 2E ), (Fig 2A') . In fra mutants, the EW neurons fail to extend axons across the midline in 45% of segments (Fig 2B and 2E ) and a significant crossing defect is also observed when all CNS axons are visualized (Fig 2B' ). In contrast, brat zygotic null mutants show no significant crossing defects in either eagle neurons or in the axon scaffold (Fig 2C, 2C ' and 2E), suggesting that brat is likely to act redundantly to promote crossing. If brat and fra are functioning in the same pathway, we would expect to find the same extent of crossing defects in fra mutants and brat, fra double mutants. In contrast, enhancement of the defects observed in fra mutants would be expected in the brat, fra double mutants if brat and fra function in independent pathways. While trans-heterozygous embryos for brat and fra display no defects (Fig 2E) , the double mutants enhance the EW crossing defect to 62% and thinner commissures are observed in the axon scaffold ( Fig 2D, 2D' and 2E ). When we carefully analyze the trajectory of the EW axons in these genotypes, we observe the same categories of phenotypes described above: axons can cross the midline, continue to grow ipsilaterally and fail to turn, or stall before or during midline crossing ( Fig 2F) . In fra mutants, 55% of the EW axons cross the midline ( Fig  2G and 2M ) while in brat, fra double mutants, this proportion is reduced to 38% (Fig 2H and  2M ). The proportion of axons that grow ipsilaterally remains the same in the both genotypes with 28% in the fra mutants and 29% in the brat, fra double mutants ( Fig 2I, 2J and 2M). However, the proportion of stalled axons observed increases from 16% to 34% in the double mutants ( Fig 
Brat controls axon guidance independently of the Nanos/Pumilio complex and d4EHP
In early embryonic development and in the larval peripheral nervous system, Brat cooperates with its cofactors Nanos (Nos) and Pumilio (Pum) to repress the translation of target mRNAs [23, 37, 38] . Thus, we next sought to determine whether Brat function during commissural axon guidance depends on the ability of Brat to interact with Nos and Pum. To address this question, we took advantage of previous studies that identified specific amino acid residues within the Brat NHL domain that are required for the association of Brat with Nos and Pum ( Fig 3E) [23, 39] . Interestingly, expression of UASBrat G774D is just as efficient as wild-type UASBrat in restoring midline crossing in the FraΔC, brat/+ sensitized background, suggesting that Brat functions independently of these factors during midline guidance (Fig 3A-3C and  3F ). In addition, it has been shown that Brat can repress the translation of hunchback by interacting with d4EHP an EIF4e-related cap binding protein [37, 40] . Expression of UASBrat R837D , which is unable to associate with d4EHP, also rescues the midline guidance defects (Fig 3D  and 3F) . Importantly, we verified that the relative levels and localization of the HA-tagged Brat transgenes used in these rescue experiments are equivalent by visualizing transgene expression in Eg neurons using anti-HA immunostaining (S3A- S3C Fig) .
These results would seem to preclude a role for Brat acting as a component of a translational repressor complex in the context of midline guidance; however, there is previously published evidence that Brat can regulate translation independently of the Nos/Pum complex [28] . Specifically, Brat has been shown to regulate the maintenance of mushroom body axons in the Drosophila brain, and this function appears to depend on the ability of Brat to attenuate the translation of the Src64B protein [28] . Similarly to what we have shown here for commissural axon guidance (Fig 3) , the UASBrat G774D or UASBrat R837D variants can also fully rescue the mushroom body axon maintenance defects observed in brat mutants [28] . In addition, previous work from our lab indicates that Src64B acts to negatively regulate midline crossing, and that it does so independently of the Netrin-Fra pathway [41] , raising the possibility that Brat may promote midline crossing by attenuating Src expression. Therefore, to directly investigate a link between Brat and Src64B during commissural axon guidance, we took advantage of a GFP reporter line that indicates the level of Src64B expression. In contrast to the elevated reporter expression observed in mushroom body axons in brat mutants, we observe no difference in Src64B levels in CNS axons in brat mutant embryos (S4 Fig) . Finally, and in direct contrast to its role in mushroom body axon maintenance, we find that the NHL domain of Brat is dispensable for its midline axon guidance function, since UASBratΔ NHL can rescue the EW crossing defects in the FraΔC, brat/+ sensitized background just as well as wild-type (Fig 4B  and 4H ). Taken together these observations indicate that the mechanism underlying Brat activity in embryonic commissural axons is independent of translational regulation and distinct from its function in mushroom body axon maintenance.
The B-box domains of Brat are required for its midline crossing function
In order to gain insight into the mechanism underlying Brat activity in commissural axon guidance, we carried out a series of structure function experiments to define the sequence requirements for Brat activity during commissural axon guidance. The results described above eliminated a possible role for the C-terminal NHL domain in this process, so we turned our attention to the N-terminal coiled-coil domain (CC), which is known to play a role in regulating asymmetric protein segregation, and the pair of B-box domains (BB1 and BB2), which have been implicated in the control of intermediate neural progenitor (INP) cell identity [29] . We used a series of previously described Myc-tagged UAS Brat transgenes bearing deletions in these domains and tested them in our midline crossing rescue assay (Fig 4G) . In contrast to wild-type UAS Brat, UAS BratΔ NHL and UAS BratΔ CC , all of which recued the EW crossing defects in the FraΔC, brat/+ sensitized background (Fig 4A-4C and 4H) , deletion of the Bbox domains, either singly or in combination show no significant rescuing activity (Fig 4D-4F and 4H), although we did detect a trend indicating that the combined deletion of both B-boxes may cause a greater impairment in Brat function than single BB deletions. Importantly, we verified that the relative levels and localization of the Myc-tagged Brat transgenes used in these rescue experiments are equivalent by visualizing transgene expression in Eg neurons using anti-Myc immunostaining (S3D-S3I Fig) .
Midline crossing is sensitive to reduced Apc2 function
Given the observation that the role of Brat in regulation of INP identity depends on its Bbox domains and that in this context Brat interacts with components of the Wnt signaling pathway, we next investigated whether its role in commissural axon guidance could share common mechanistic features. Consistent with findings in the study of the specification of INP identity, reducing the function of Apc2, a component of the destruction complex, either with specific point mutations or with a deletion of the Apc2 locus, significantly enhances the EW crossing defects in the FraΔC sensitized background (Fig 5A and 5E) , while reducing the function of the Drosophila B-catenin Armadillo (Arm) leads to a reciprocal effect and significantly suppresses EW crossing defects caused by the FraΔC transgene (Fig 5F) . Furthermore, reducing the function of Apc2 in eagle neurons in brat mutants expressing FraΔC further enhances the commissural guidance defects to 72% (Fig 5B and 5E ). We also tested whether expressing UAS-Apc2 selectively in eagle neurons in the FraΔC background could suppress the effect of reducing brat, but this manipulation had no effect on the midline crossing phenotype (Fig 5E) . Together, these observations are consistent with the hypothesis that Brat promotes midline crossing by cooperating with Apc2 to limit the activity of Arm, potentially by attenuating Arm-activated gene transcription. This hypothesis makes a number of explicit predictions about the consequences of manipulating components of the Wnt pathway on EW axon midline crossing and we therefore conducted a series of genetic interaction experiments to test this model. First, if Apc2 is acting to attenuate Arm activity, we predicted that over-expressing Apc2 should lead to a similar outcome to decreasing Arm function, resulting in a suppression of the FraΔC phenotype. However, we find that over-expressing Apc2 does not have any effect on the EW crossing phenotype in the FraΔC background (Fig 5E) . Similarly, we expected that overexpressing UAS-Arm or a mutant variant of Arm that leads to elevated protein stability, UAS-ArmS10 [42] , should lead to a significant enhancement of the EW midline crossing defects; however, these manipulations have no effect on the midline crossing phenotypes ( Fig  5F) . We also targeted downstream components of the Arm pathway that are specifically required for Arm-dependent gene transcription, reasoning that if the strong suppression of the midline crossing defects observed in arm loss of function results from a failure of Armdependent gene expression, then blocking transcriptional activity with dominant negative variants of TCF should also suppress the midline crossing defects. However, as we found for Arm and Apc2 over-expression, expressing multiple different TCF transgenes or TCF dominant negative transgenes had no impact on the EW crossing defects (Fig 5F) . The same set of genetic manipulations using many of the same transgenic lines gave very different outcomes in the context of Brat-mediated regulation of INP identity, where results are consistent with the model that the primary role of Brat in INPs is to antagonize Armadillo activity [29] . In the context of axon elongation and guidance, it is clear that the experiments described here do not support the idea that Brat and Apc2 regulate midline guidance through antagonizing Armdependent gene expression.
Despite the fact that the results described above argue strongly against the idea that Brat and Apc2 regulate axon growth and guidance through antagonizing Arm-dependent gene expression, the fact that reducing arm function suppresses the midline crossing defects in the FraΔC background point to a possible contribution of Arm to midline axon guidance. Therefore, to further explore a relationship between Arm and Brat, we analyzed the effect of modulating Arm levels in embryos that are heterozygous for mutations in brat. Interestingly, while brat, arm compound heterozygotes have no crossing defects, there is a significant reduction in midline crossing when UAS-Arm is expressed in brat heterozygotes (Fig 5F) . These observations could suggest that Arm may act to inhibit Brat function; however, given that the complete removal of zygotic brat does not result in any guidance defects, this explanation does not seem likely. We favor the alternative possibility that Arm may impinge on a parallel pathway to prevent crossing. Here, it is intriguing to note that the similar over-expression of Arm in the FraΔC genetic background does not enhance the crossing defects, suggesting a possible role for Arm in modulating Fra-dependent axon attraction. It will be interesting in the future to explore potential genetic and biochemical links between Arm and Fra.
Brat and Apc2 cooperate to promote midline axon guidance
The observation that simultaneous heterozygosity for both Apc2 and brat leads to significantly stronger midline crossing defects in the FraΔC background than heterozygosity for either brat or Apc2 alone is consistent with the idea that they work together to promote midline crossing. We also examined the consequences of removing both copies of Apc2 in an otherwise wildtype background. Similar to our findings with brat zygotic null mutants, Apc2 zygotic null mutants show no significant crossing defects in either eagle neurons or in the axon scaffold ( Figs 2C, 2C ', 2E and 5E). Since both Apc2 and Brat are maternally deposited, we reasoned that the simultaneous removal of the zygotic copies of both of these genes might sufficiently limit Brat and Apc2 function to reveal defects in midline crossing in an otherwise wild-type background. Indeed, the double mutants for brat and Apc2 show significant crossing defects in EW axons (Fig 5C, 5D and 5E ). In addition, brat, Apc2 double mutants also lead to additional disruptions to the axon scaffold that could reflect roles in processes other than midline crossing. Together with the dose-dependent genetic interactions, these observations further support an important role for Brat and Apc2 in promoting axon growth across the midline.
Apc2 expression in EW neurons is reduced in brat mutant embryos
Taken together our findings suggest that the role of Brat in commissural axon guidance is mechanistically distinct from previous described functions of Brat in either the control of mushroom body axon maintenance or in the regulation of INP progenitor identity, although there are some shared features with the latter process. How then does Brat contribute to the growth of axons across the midline? One possibility is that rather than affecting Arm-dependent gene expression that Brat and Apc2 could influence axon growth through regulation of the neuronal cytoskeleton. Indeed, Apc2 has been shown to interact with the plus ends of microtubules and there is in vitro evidence that it can regulate axon growth. To test this idea, we first examined the distribution of Apc2 in wild-type Eg neurons using an Apc2-GFP fusion protein. In order to simultaneously visualize plus-ends of microtubules, we co-expressed an EB1-RFP fusion protein. Interestingly, in wild-type embryos Apc2-GFP and EB1-RFP are more clearly co-localized in stages where axons are actively growing toward the midline, relative to stages when midline crossing is complete, suggesting that Apc2 may contribute to promoting axonal growth toward the midline (Fig 6A-6F') . We next tested whether the localization or expression of Apc2 is dependent on Brat by monitoring the levels and distribution of a GFP-tagged Apc2 protein in the eagle neurons of wild-type and brat mutant embryos. Strikingly, we find that in the absence of Brat, there is a significant reduction of Apc2-GFP expression in both the cell bodies and axons of EW commissural neurons relative to heterozygous sibling controls (Fig 6G-6I ). In addition, in contrast to wild-type neurons where Apc2-GFP expression appears to localize to discrete puncta, the expression of Apc2-GFP is more uniform in brat mutant neurons (Fig 6G and 6H) . We also examined the relative levels of Brat transgene expression in apc2 mutants but did not observe any significant difference (S5 Fig). These results support the model that Brat may promote axon guidance by maintaining the expression and localization of Apc2 to the plus-ended tips of growing microtubules during growth toward the midline (Fig 7) .
Discussion
The decision of axons to cross the midline during neural development is under complex genetic control, and multiple signaling pathways contribute to ensure that midline crossing is precisely regulated. Here we have defined a new mechanism that promotes axon growth across the midline. Through a forward genetic screen, we identified brat as a modulator of midline crossing and through a series of structure-function experiments and genetic analyses, we provide strong evidence that Brat function in midline crossing is distinct from its previously described roles in other developmental processes. Taken together our data support a model where Brat functions cell-autonomously in commissural neurons to promote axon growth across the midline by regulating the expression and localization of the Apc2 protein to the plus-ends of microtubules.
Brat promotes midline crossing independently of Netrin-Fra
We identified Brat in a genetic modifier screen based on a sensitized background where Netrin-dependent axon attraction is selectively reduced in a small subset of commissural axons. Genes identified in this screen could either act in the Netrin-Fra pathway or in independent pathways to regulate midline crossing. Our genetic data indicates that Brat function is independent of Netrin-Fra, since double mutants result in significantly stronger phenotypes than fra or brat single mutants. Indeed, brat single mutants have no zygotic loss of function Anti-GFP labels cell bodies and axons of the eagle neurons (EG and EW). Scale bar represents 10μm (G) or 5 μm (G'). (G) and (G') In control embryos the average of the GFP signal intensity reflecting the Apc2 transgene expression, corresponds to 89% in cell bodies and 79% in axons. (H) and (H') brat homozygous mutant embryos, show a decrease of the GFP signal intensity to 50% in cell bodies and 25% in axons, reflecting a reduction of the Apc2 transgene expression. (I) Quantification of the GFP staining signal intensity shown in (G-H'). Data are presented as mean ± SEM. 10 embryos were scored for each genotype. Significance was assessed using the Student's t-test ( ÃÃÃÃ p < 0.0001).
https://doi.org/10.1371/journal.pgen.1007314.g006 phenotype in the absence of additional perturbations to pathways that promote midline crossing, suggesting that Brat may function redundantly. There are many examples of redundant pathways that promote midline crossing in both invertebrates and in the mammalian spinal cord, whose functions are only revealed when other pathways are limited. For example, Nell2, a recently identified ligand for the Robo3 receptor, has no significant spinal commissural axon guidance phenotype unless other pro-crossing pathways are also limited [43] . Similarly, requirements for Drosophila Robo2 and Semaphorin1a to promote midline crossing are only revealed when the Netrin-Fra pathway is disrupted [14, 16] . Most recently two studies made the surprising finding that floor-plate specific removal of Netrin does not result in significant midline crossing defects [44, 45] , suggesting that floor-plate derived Netrin may act redundantly with other pathways to promote crossing. One common interpretation of these findings is that these redundant pathways exist and are conserved to ensure robustness in the essential process of forming correct midline circuitry.
An alternative possibility that could account for the absence of a phenotype in brat mutants is that maternal contribution of brat mRNA and/or protein may be sufficient to fulfill the Brat requirement to promote crossing. There is ample precedent for maternal contribution of gene products masking requirements for embryonic axon guidance in Drosophila. For example, signaling components in the Robo pathway, such as Dock, Son of Sevenless, and Kuzbanian are all contributed maternally and expression is maintained throughout the entire duration of embryogenesis [46] [47] [48] . In the case of Dock, it has been shown that loss of both maternal and zygotic gene products reveals a strong phenotype, not observed in zygotic mutants [47] . The observation that simultaneous removal of zygotic expression of both Brat and Apc2 reveals a significant defect in midline crossing would lend support to the possibility that maternal gene products may be the explanation for the absence of single mutant phenotypes. Whether redundancy or maternal compensation explain the absence of brat and apc2 single mutant phenotypes, our data support the interpretation that Brat and Apc2 constitute part of an important mechanism to promote axon growth across the midline.
Brat cooperates with Apc2 to promote axon growth across the midline
Brat is a multi-domain protein with diverse functions in developing tissues. Interestingly, discrete and separable structural features of the protein control many of Brat's distinct activities. For example, Brat's NHL domain is required for its role as a translational repressor, but is dispensable for the control of intermediate neural progenitor identity and commissural axon guidance. Instead, these functions both appear to depend on the N-terminal B box domains of Brat, and in both axon guidance and INP specification genetic evidence points to important interactions with the Apc2 protein, a critical component of the B-catenin/Armadillo destruction complex [29] , and this study. Intriguingly, in both of these cases, the loss of brat function results in decreased expression and altered localization of the Apc2 protein, but the role of Apc2 in these two processes appears to be distinct. Specifically, during the specification of INP identity, Apc2 acts in its classical role as a component of the destruction complex to attenuate B-catenin-dependent transcriptional activity [29] . In contrast, during commissural axon guidance, Apc2 does not regulate B-catenin-dependent transcription, but instead more likely acts locally to stabilize microtubules in the advancing growth cone. This idea is supported by our observations that the genetic manipulation of B-catenin-dependent transcription does not affect commissural axon guidance and that the enrichment of Apc2 at microtubule plus ends is diminished in brat mutants. In addition, previous studies in cultured vertebrate neurons support a role for Apc2 in controlling axon growth through the regulation of microtubule stability [34, 35] . It will be interesting to determine whether vertebrate orthologs of Brat are also involved in these processes.
How might the activity of Brat control the specific localization of Apc2 in commissural axons to promote axon growth across the midline? One possibility is that Brat could directly associate with Apc2 and somehow deliver it to or stabilize it at microtubule plus-ends; however, no physical interactions between Brat and Apc2 have yet been detected. Alternatively, Brat may indirectly promote Apc2 localization and function through interactions with unidentified upstream signals. Based on the observation that Wnt signaling can induce the loss of Apc2 microtubule localization in vertebrate neurons [34] , and that this leads to the formation of looped microtubules (a characteristic feature of paused growth cones) [49, 50] , it is interesting to speculate that Brat may promote continuous axon growth across the midline by stabilizing Apc2 localization at the plus-ends of microtubules. Future identification of additional components that contribute to Brat and Apc2 mediated commissural axon guidance will allow for continued dissection of the underlying cell biological mechanisms.
Materials and methods
Genetics
The following Drosophila mutant alleles were used: fra 3 , egMZ360 (eg-GAL4 . The following transgenes were used UAS-FraΔC-HA, UAS-A5CD8-GFP. The UAS-EB1-RFP stock was a gift from Yuanquan Song. GAL4 drivers used were elav-GAL4 and eg-GAL4. All crosses were carried out at 25˚C. Embryos were genotyped using balancer chromosomes carrying lacZ markers or by the presence of epitope-tagged transgenes. See S1 
Immunofluorescence
Dechorionated, formaldehyde-fixed, methanol devitellinized embryos were fluorescently stained as previously described [51] 
In Situ Hybridization
Fluorescent mRNA in situ hybridization was performed as described, with digoxigenin labeled probes [52] . Briefly, hybridized probe was detected with anti-digoxigenin-HRP (Roche), using fluorescein-labeled tyramide as a substrate (TSA Fluorescence System, Perkin Elmer). Embryos were mounted in 70% glycerol/PBS.
Imaging
Phenotypes were analyzed and images were acquired using a spinning disk confocal system (Perkin Elmer) built on a Nikon Ti-U inverted microscope using a Nikon OFN25 60x 40x or 10x objective with a Hamamatsu C10600-10B CCD camera and Yokogawa CSU-10 scanner head with Volocity imaging software. Images were processed using ImageJ and Adobe Illustrator software. For fluorescence quantification of GFP antibody staining in embryos, ten embryos per genotype (+/+; UAS-Apc2GFP or brat(-); UAS-Apc2GFP, +/+; src64bGFP or brat (-); scr64bGFP) were imaged using identical settings. Max projections were generated using ImageJ. After subtracting the staining background, the average pixel intensity was measured on twelve to sixteen clusters of EW neurons or across five regions within longitudinal axons for each embryo. The values from the five to ten embryos for each phenotype were averaged.
Phenotypic quantification
For EW commissural neuron axon crossing phenotypes, whole-mount or filleted embryos were analyzed at Stages 15 and 16. Eight abdominal segments were analyzed per embryo when possible, and for each embryo, the percentage of non-crossing segments was calculated. A segment was considered non-crossing when both clusters of EW axons (six axons per segment) failed to reach the midline. Embryos were scored blind to genotype when possible.
Statistics
For statistical analysis, comparisons were made between genotypes using the Student's t-test, ANOVA or Chi-squared test. For multiple comparisons, significance was assessed by using a Bonferroni correction. 
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